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Abstract 
 In older adults, surgical management of distal femur fractures can be challenging 
due to reduced bone mineral density, which results in inadequate implant anchorage. 
Mechanical testing of implant constructs designed to treat these injuries has been hampered 
by a lack of clinical data on the biomechanical properties of the distal femur in patients 
who sustain these fractures. Therefore, the purpose of this study was to apply 
asynchronous, quantitative computed tomography (qCT) to investigate the mechanical 
characteristics of fractured distal femurs with intent to inform the selection of appropriate 
synthetic materials for biomechanical testing of orthopaedic devices. 
 Distal femur fractures treated at St. Luke’s University Health Network, a Level I 
trauma center, were retrospectively reviewed and 43 cases with preoperative CT scans were 
identified for analysis. Scans were segmented and each bone fragment was reconstructed 
as a 3D model. Bone quality was determined from voxel-based radiodensity and reported 
as Young’s modulus in the distal femur for each patient.   
 The median patient age was 72 years (IQR = 57 – 81), with 26% males and 74% 
females. Young’s modulus in the distal femur was negatively correlated with patient age 
(R2 = 0.50, p < 0.001). The distribution of patient-specific modulus values was also 
compared with the compressive modulus ranges, as stated by the ASTM F1839 standard 
for graded polyurethane foams for use as a standard material for testing orthopaedic devices 
and instruments. Bone quality varied dramatically from Grade 25 (25 lbs/in2) in younger 
individuals to Grade 5 (5 lbs/in2) in older individuals.  
 As a result, no single grade of synthetic polyurethane foam can be selected to model 
all clinically important scenarios for biomechanical testing of distal femur fracture fixation 
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devices. Rather, this data can be used to select an appropriate material for a given clinical 
scenario. For example, a Grade 25 foam is appropriate for a younger individual where 
implant longevity in the clinical concern, whereas for an older patient where implant 
stability is the clinical concern, a Grade 5-15 is more appropriate. 
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I. Introduction 
A fracture in the distal end of the femur (the strongest, longest, and heaviest bone 
found in the human body) can be described as a broken bone located just above the knee 
joint (Ebrahimi et al., 2012). As shown in Figure 1, fractures are typically characterized 
using the AO/Orthopedic Trauma Association (OTA) system. This system classifies 
fractures by location (distal end: 33), type (A: extra-articular, B: partial articular, and C: 
complete articular fracture) and various other characteristics which are all dependent on 
the type of fracture (group, subgroup, and qualification). 
 
Figure 1: OTA classification of distal femoral fractures. Reproduced from the 
Journal of Orthopaedic Trauma, Fracture and Dislocation Classification 
Compendium (Kellam et al., 2018).[HD1] 
 Distal femoral fractures account for 3-6% of all fractures in the femur and 0.4% of 
all fractures (Khan et al., 2017). Distal femur fractures are typically described as having a 
4 
 
bimodal distribution of a high-energy injury (e.g. motor vehicle accident) in younger 
patients (primarily involving males, age 15-50 years) and low-energy injury (e.g. simple 
fall) in older patients (primarily involving females older than 50 years) (Khan et al., 2017), 
(Martinet, Cirdey, Harder, Maier, Buhler, Barraud, 2000). More specifically, the average 
age of a patient with a distal femur fracture is 62 years, with the age and rate of occurrence 
being higher for females (72 years and 66.6% respectively) than for males (44 years and 
33.4% respectively) (Elsoe et al., 2018). Although distal femur fractures account for only 
0.4% of all fractures, distal femoral fractures in the elderly has a 1-year, 3-year, and 5-year 
mortality rate as high as 18.4%, 39.1%, and 48.8% respectively (Khan et al., 2017). For 
those patients fortunate enough to not be included in that statistic, do so with a significant 
decrease in function and quality of life. The overall incidence of distal femur fractures is 
expected to increase as the aging population continues to grow. As the age of patients with 
distal femur fractures increases, as will the difficulty in surgically treating them. The 
difficulty lies in insufficient implant anchorage due to compromised bone structure 
typically found in elderly patients, especially those with osteoporosis. 
For this reason, recent biomechanical studies have used both cadavers and synthetic 
tissue models in destructive testing to assess construct stability and strength, with a focus 
on osteoporotic bone (Wähnert et al., 2011a). However, many of the biomechanical studies 
found in literature have used non-osteoporotic cadaveric femurs with a high bone mineral 
density, which is representative of strong, healthy bone and appropriate for evaluating 
younger patients, but not for the elderly (i.e. the demographic that surgeons have more 
difficulty treating) (Wähnert et al., 2011a). Even in studies focusing on osteoporosis, bone 
quality in cadaveric tissue is not reported (Salas et al., 2011). 
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An obvious alternative to cadaveric tissue for mechanical testing is a synthetic bone 
replicate (Muizelaar et al., 2015), (Briffa et al., 2016), (Batista et al., 2015), (Heiney et al., 
2009), (Ebraheim et al., 2012). Synthetic femurs are more easily stored, less expensive, 
biohazard free, easier to obtain, and have 20–200 times less variability in mechanical 
properties compared to cadaveric tissue (Ahmadi et al., 2012). The most commonly used 
synthetic model for the study of distal femur fractures is the 4th generation short-fiber-
reinforced epoxy/polyurethane foam composite model from SawBones (Pacific Research 
Laboratories, Inc., Vashon, WA, USA). This composite model is made of two materials; a 
low density polyurethane closed cell material, which is intended to mimic cancellous bone, 
and an outer shell that is made of a higher density polyurethane material, which mimics 
cortical bone. Although many studies have demonstrated that this model has bulk 
mechanical properties that successfully replicate the human femoral diaphysis (Heiner, 
2008), (Zdero and Olsen, 2016), (Gardner et al., 2010), (Zdero et al., 2009), it was never 
intended to mimic the metaphyseal bone mechanics in the distal region, where the cortical 
shell becomes very thin and the volume filled with cancellous bone, as shown in Figure 2 
(Wähnert et al., 2011b).  
 
Figure 2: Cortical layer of an osteoporotic bone(a) compared to that of the 4th 
generation composite femur model (b). Reproduced from (Wähnert et al., 2011b). 
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This structural discrepancy has also been quantified in direct physical testing, in 
which the synthetic composite distal femurs had a significantly different crush stiffness, 
displacement, failure energy, and failure mode compared to human distal femurs 
(Crookshank et al., 2012). 
To avoid these difficulties, some investigators have turned to synthetic 
polyurethane foams, which can be fabricated in various grades, as specified by the ASTM 
F1839 standard (2016), as shown in Figure 3, and may more appropriately mimic the 
metaphyseal bone mechanics.  
 
Table 1: ASTM F1839 graded foam based on the requirements for compressive 
modulus. Reproduced from the ASTM F1839 Standard (2016). 
For example, some studies that evaluated the biomechanics of distal femur fractures 
in osteoporotic bone substituted the standard cancellous core foam material that is found 
in composite models, which has a density of 270 kg/m3, with a foam material of 160 kg/m3 
which is intended to represent osteoporotic bone (Alexander et al., 2015), (Salas et al., 
2011). Another study removed the condylar portion of the composite model and replaced 
it with an identical anatomic model made of a foam material with a density of 150 kg/m3 
to better simulate osteoporotic bone, as shown in Figure 4 (Wähnert et al., 2010). An 
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overview of the materials used in studies that evaluate the biomechanics of distal femur 
fractures is available in Appendix A. 
 
Figure 3: Hybrid model– Substituting standard cancellous core foam material with 
a lower density foam that better replicates osteoporotic bone. Reproduced from 
(Wahnert et al., 2010) [HD2]. 
Despite the fact that both cadaveric tissue and synthetic materials models have been 
frequently reported in biomechanical studies of distal femur fracture fixation, a consensus 
clinical justification for materials selection does not yet exist due to the paucity of 
quantitative data on the mechanical properties of the distal femur in patients who sustain 
this injury.  Accordingly, the purpose of this study was to apply asynchronous quantitative 
computed tomography (qCT) to investigate the mechanical characteristics of fractured 
distal femurs with intent to inform the selection of appropriate synthetic materials for 
biomechanical testing of orthopaedic devices. 
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II. Methods 
A. Patients and Setting 
The scans for this study were collected using the ICD (International Classification 
of Diseases) and CPT (Current Procedural Terminology) codes within the Luxor Database 
at St. Luke’s University Hospital (a Level I trauma center). Only patients with distal femur 
fractures (OTA/AO 33-A/B/C) treated at St. Luke’s University Hospital were included in 
this study, regardless of age, medical comorbidities, or other injuries. Periprosthetic 
fractures and any patients who did not have CT scans of their distal femur pre-operatively 
were excluded. Patients with a periprosthetic fracture were excluded due to the presence of 
metal artifacts near the fractured region. Overall a total of 148 patients were found of which 
43 cases were retrospectively reviewed (IRB approved) and preoperative CT scans were 
identified for analysis.  
B. CT Scan Protocol 
 All of the scanners used in this study were manufactured by GE Medical Systems. 
All but two of the scans were captured using a LightSpeed VCT (Volumetric Computed 
Tomography) scanner. The other two scans were captured using either a LightSpeed16 or 
an Optima CT660. The same algorithm (standard), filter type (body filter), and photometric 
interpretation (monochrome 2) parameters were used on all of the scans. The X-ray tube 
current and peak kilovoltage varied from 99-400 mA-s and 120-140 KVP respectively with 
an average of 288 mA-s and 120 KVP. The pixel size varied from 0.36-0.97 mm with a 
median value of 0.488 mm.     
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C. Image Processing Workflow 
Each CT scan was transferred for post-processing using the DICOM format (Digital 
Imaging Communications in Medicine). These DICOM files were imported into Mimics 
Innovation Suite v20.0 (Materialise, Leuven, Belgium), which was used to transform the 
2D stacked image data sets into 3D models. The objective was to identify contiguous sets 
of voxels in 3D space corresponding to each bone fragment by specifying upper and lower 
thresholds of Hounsfield Units (HU) that would appropriately segment the bony fragments 
from each other and from the surrounding soft tissue. No metal artifacts were present in 
any of these pre-operative scans, so the upper segmentation limit was set to the highest 
value found in each scan, ensuring in each case that all of the denser cortical bone was 
captured. 
Selection of an appropriate lower segmentation threshold for distal femur bone 
fragment capture was more challenging. Mimics includes a predefined segmentation filter 
for bone with a lower limit of 226 HU, but as shown in Figure 5, this default range did not 
accurately capture the condylar regions for some patients with low-density bone. 
Accordingly, the lower segmentation limit was progressively decreased to capture these 
lower-density voxels without introducing artifacts such as soft tissue or articular cartilage. 
Soft tissue would artificially lower the mechanical properties of the bone while the articular 
cartilage, which is found in-between the tibia and femur, would make separating the tibia 
from the femur in later steps very difficult. Ultimately, a uniform lower segmentation limit 
of 160 HU was found to produce anatomically appropriate bone fragment models, which 
were reviewed by the senior clinician (CON). 
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Figure 4: Representative examples of a low-density distal femur(Top row, case 
CT14) and a high-density distal femur (Bottom row, case CT06), each processed for 
3D reconstruction with three different options for the lower segmentation limit: 226 
HU (default setting), 160 HU (selected option), and 94 HU (too low). The selected 
lower limit of 160 HU successfully captured enough bone to recreate the anatomy 
without introducing soft-tissue artifacts. 
After the threshold-based segmentation was completed, the distal femur was further 
isolated by removing any other bone captured in the scan (patella, tibia, fibula, etc.). Each 
remaining bone fragment was then individually identified and wrapped using a built-in 
Mimics surface optimization tool to ensure that all voxels corresponding to an enclosed 
volume for that unique bone fragment were captured as shown in Figure 6b-c. After all of 
the fragments were wrapped, they were then exported to 3-Matic (part of Materialise 
Mimics Innovation Suite), where they were merged together, and any geometric 
abnormalities were resolved (overlapping triangles, bad contours, inverted normals, etc.). 
The 3D model was then imported back into Mimics and a mask was calculated to enable 
material descriptive statistics of the voxel-oriented 3D space.  
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Figure 5: Workflow for bone fragment segmentation and 3D modeling: A) CT scan 
shown in slice view, B) 3D rendering after threshold-based segmentation to remove 
soft tissue, C) fragment separation and wrapping to capture low density voxels 
internal to cancellous bone fragments, D) final 3D model, cropped to the region of 
interest (distal femur). 
Finally, the masks resulting from each scan were cropped to focus on a consistent 
region of interest, the distal femur only, regardless of the field of view of the original scan. 
To accomplish this objectively and consistently for all cases, any portion of the femur that 
was proximal to a plane located a distance equal to the maximum epicondylar width from 
the joint line was removed. This maximum epicondylar width cropping protocol was used 
to ensure that the reported Young’s modulus values reflected the distal femur region only, 
without the cortical shaft, as this is the region of interest for bone screw fixation in 
biomechanical testing. The epicondylar width distance was chosen as the parameter 
because this value strongly correlates with femur height (Yazar et al., 2012). When a severe 
articular displacement was visible, a virtual reconstruction process was performed prior to 
measuring the maximum epicondylar width. The entire work flow discussed in this section 
is shown in Figure 6 above, emphasizing the importance of the wrapping procedure. 
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D. Quantitative Bone Quality Assessment 
The final segmented mask was then used to assess the apparent mechanical 
properties for the region of interest in each scan based on the underlying voxel radiodensity 
data. In CT images, there is a direct association between the local material density of the 
scanned object and the gray value (Hounsfield units in CT images) assigned to each voxel. 
Radiodensity can be scaled from local HU to infer bone Young’s modulus, E, using a 
published conversion equation (Ciarelli et al., 1991).  
𝐸 = −38.644 + 1.3665 ∗ 𝐻𝑜𝑢𝑛𝑠𝑓𝑖𝑒𝑙𝑑 𝑈𝑛𝑖𝑡𝑠 [GPa]  (1) 
 This equation was derived from metaphyseal bone specimens (proximal and distal 
femur, proximal humeri, and distal radii) of three male and one female autopsy subjects 
between the ages of 55 and 70. Each bone was cut into equally sized columns, scanned via 
CT to measure the mean HU, and then mechanically tested to obtain the Young’s modulus. 
This conversion was applied using the mask of the region of interest for each scan and the 
resulting mean and median moduli for each individual patient were reported.  
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III. Results 
A. Patient and Injury Characteristics 
 Overall, a total of 148 cases treated over a ten year period were reviewed and 43 
cases met all study inclusion criteria (non-periprosthetic injury with pre-operative CT). Of 
the 43 cases, 32 were female patients (or 74%) with an average age of 73 years (varying 
from 27-95 years old) and 11 were male patients (or 26%) with an average age of 54 years 
(varying from 22-81 years old). The overall median study age was 72 years (interquartile 
range, IQR 57-81). Morphological characteristics of the fractures were highly variable, 
ranging from a single fracture line and one associated fragment to as many as 26 distinct 
bone fragments in a single individual. A total of 349 fragments were segmented, with a 
median of 7 fragments (IQR 3-11). A comprehensive list of patient information for all 
included cases is available in Appendix B. Reconstructed 3D models and mechanical 
properties for all included cases can be found in Appendix C. 
B. Mechanical Properties of Distal Femur 
 Within each individual bone fragment, the highest-density tissue was found at the 
cortical shell and on the bearing surfaces of the knee joint, as shown in Figure 7. The 
distribution of local HU was non-normal in all cases studied, hence median values and 
interquartile ranges (IQR) will be reported instead of the means and standard deviations. 
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Figure 6: Representative comparison showing the distribution of HU extracted from 
a distal femur bone fragment in an individual with low bone density (top row, case 
CT14) versus an individual with high bone density (bottom row, case CT34). Across 
all individuals, tissue density was non-normally distributed, with localization of 
higher-quality bone in the cortical shell and on load-bearing surfaces. 
 In addition to the internal variations within each bone fragment, significant 
variations in distal femur bone quality were observed between individuals in this study, as 
shown in Figure 8. As expected, bone quality (apparent Young’s modulus) was negatively 
correlated with patient age (R2 = 0.501, p < 0.001). Across all individuals, the median 
Young’s modulus for the bone fragments in the distal femur was 170 (IQR 113-241) MPa, 
with a minimum and maximum value of 15 and 364 MPa respectively. These observed 
properties were also mapped onto accepted compressive modulus ranges for graded 
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polyurethane foams as specified by ASTM F1839 to identify which grades may be most 
appropriate for biomechanical models of distal femur fractures (color band overlays in 
Figure 8). 
 
Figure 7: Median Young’s modulus versus patient age.Each data point represents 
the median Young’s modulus in the distal femur of one patient. Bone modulus 
decreased significantly with age (R2 = 0.501, p < 0.001). Color bands indicate the 
cooresponding mechanical property ranges for ASTM F1839 standard graded 
polyurethane foams. Extreme low bone quality (Grades 5 and 10) was 
comparatively rare (4/43 cases, 9%). 
C. Age and Gender Effects 
Both biomechanical (bone quality) and anatomical (bone size) differences were 
observed between male and female patients in this analysis, as shown in Figure 9. The 
distal femur regions of the male patients had a median Young’s modulus value of 287 (IQR 
254-340) MPa while the female patients had a median value of 144 (IQR 107-189) MPa. 
Among both men and women, median Young’s modulus in the distal femur decreased 
significantly with age (R2 = 0.489, p = 0.017 for men; R2 = 0.339, p < 0.001 for women).  
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Women were also anatomically smaller than men based on epicondylar width (p < 
0.001), with no age-related trends in anatomy in either group (R2 = 0.368, p = 0.266 for 
men; R2 = 0.006, p = 0.975 for women). Epicondylar width in males was significantly 
larger than in females by 12.5 mm (95% CI, 8.68 to 16.39 mm, p < 0.0001). The median 
epicondylar width among males was 93 (IQR 91-98) mm and among females it was 82 
(IQR 79-83) mm.  
 
Figure 8: Distribution of Young’s modulus (left) and epicondylar width (right) with 
respect to age in male (blue dots) and female (orange dots) patients who sustained 
distal femur fractures. 
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IV. Discussion 
The graded foams specified by ASTM F1839 have mechanical properties that are 
similar to those reported for human cancellous bone and these materials are intended to be 
used for repeatable testing of orthopaedic devices and instruments. Although many 
physical and mechanical requirements exist in this standard to aid in designating the grade 
of foam, only the compressive modulus requirement was utilized in this study because this 
is the expected primary loading mode in this anatomic region. As shown in Figure 8 earlier, 
across all patients, the median Young’s modulus within the distal femur region was found 
to be 170 MPa, which corresponds to a grade 20 foam. However, the Young’s modulus 
varied significantly amongst all of the patients in this study with a minimum and maximum 
grade foam of 5 and 25 respectively. The median Young’s modulus of the distal femur 
region decreased significantly with age for both genders, with males under age 50 being 
best-modeled as grade 25 foam, but elderly patients age 65+ having distal femur bone 
mechanics ranging from Grade 5 to 20. This finding challenges the clinical supposition that 
distal femur fractures are predominantly a fragility injury.   
These findings also suggest that no single foam model can capture all clinically 
important scenarios for biomechanical testing of orthopaedic devices. For example, in a 
high-energy, open fracture in a young individual, nonunion leading to implant fatigue 
failure may be a significant clinical concern. In this scenario, the hardware is expected to 
fail before the fracture heals and a high-density foam of Grade 25 would be required for 
testing. Alternatively, an osteoporotic patient with a low-energy injury may be at lower 
risk of nonunion, but higher risk of construct collapse, loss of fixation, and reoperation due 
to compaction of poor-quality bone around the fixation screws. In this scenario, the bone 
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is expected to fail before the hardware and a low-density foam of Grade 10 or lower would 
be required for testing. 
Following this argument, the data presented in this study can be used to identify 
three clinically significant bone scenarios for biomechanical testing: strongest-case model 
(young healthy individual), median model (population normative), and weakest-case 
model (osteoporosis). Table 2 shows how the data collected in this study can be used to 
identify the appropriate synthetic foam model for each of these scenarios. In each case, the 
corresponding summary anatomic dimension, epicondylar width, is shown for reference. 
Ideally, investigators should select both a foam grade and an anatomic size corresponding 
to the intended testing scenario. 
 Strongest Case Median Case Weakest Case 
 
Male 
(CN38) 
Female 
(CN06) 
Male Female 
Male 
(CN13) 
Female 
(CN23) 
Patient Age 
[Years] 
38 45 54 73 81 71 
Young's Modulus 
[MPa] 
355 364 287 144 109 15 
Epicondylar Width  
[mm] 
88 82 92 82 91 78 
ASTM F1839 
Foam Grade [-] 
25 25 25 15 15 5 
Table 2: Foam grade selection for the extreme and median demographic cases 
Although the findings presented are significant, the conclusions are subject to a few 
important limitations. The most obvious limitation stems from the implicit assumption that 
the distal femur can be modeled with a homogeneous cancellous material, which as shown 
in Figure 7, isn’t necessarily the case. The density begins to increase as it nears the distal 
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femoral physis where cancellous bone transitions into the denser cortical bone located in 
the diaphysis region. The ASTM F1839 standard was developed specifically to replicate 
cancellous bone and the chosen HU-to-Young’s modulus conversion (Equation 1) was 
derived from data collected from cancellous bone core samples in the distal femur. 
However, even though the distal femurs evaluated in this study were largely cancellous 
bone by volume, the segmented bone fragments did include some portions of cortical bone. 
The maximum epicondylar width cropping protocol adopted in this study helped focus the 
region of interest and reduced the amount of cortical bone introduced into the Young’s 
modulus analysis. The use of medians, rather than means, for summary statistics also 
helped avoid undue influence from cortical bone mechanics.  
 Finally, the characterization of bone quality in this study has focused exclusively 
on apparent Young’s modulus based on radiodensity because a reliable published scaling 
equation was available to enable this conversion. Bone-mineral density measurements 
were not taken and only a few patients in this retrospective study had a clinically 
documented diagnosis of osteopenia or osteoporosis in their medical records. Some 
individuals with low bone quality did not have an osteopenia or osteoporosis diagnosis of 
record, but the absence of a T-score should not be considered exclusionary for osteoporosis 
and osteopenia. For example, those few patients with known osteoporosis were found to 
have Young’s modulus values that correspond with grade 10 and 5 foam and patients with 
osteopenia corresponded with grade 15 and 12, but there were patients within the same 
range that were not documented with either condition. 
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V. Conclusions 
The purpose of this study was to investigate the mechanical characteristics of the 
fractured bone among patients who have experienced distal femur fractures. The 
mechanical and morphometric properties in the distal femur were found to vary 
significantly amongst all of the patients in this study, with lower bone quality in women 
and in the elderly. Based on these findings, no single grade of synthetic polyurethane foam 
can be selected to model all clinically important scenarios for biomechanical testing of 
fracture fixation devices. Rather, this data can be used to select an appropriate material for 
a given clinical scenario, for example, nonunion in a young individual with a high-energy, 
open injury or a construct collapse in an osteoporotic geriatric patient. The informed 
investigator should therefore consider the intent of the test, whether that be highest demand 
on the implant or on the bone, and select a material grade and anatomic size to fit that 
scenario.  
  
21 
 
Bibliography 
Ahmadi, S., Shah, S., Wunder, J.S., Schemitsch, E.H., 2012. The biomechanics of three 
different fracture fixation implants for distal femur repair in the presence of a tumor-
like defect. J. Eng. Med. 227, 78–86. https://doi.org/10.1177/0954411912454368 
Alexander, J., Morris, R.P., Kaimrajh, D., Milne, E., Latta, L., Flink, A., Lindsey, R.W., 
2015. Biomechanical evaluation of periprosthetic refractures following distal femur 
locking plate fixation. Injury 46, 2368–2373. 
https://doi.org/10.1016/j.injury.2015.09.033 
Batista, B.B., Volpon, J.B., Shimano, A.C., Kfuri, M., 2015. Varization open-wedge 
osteotomy of the distal femur: comparison between locking plate and angle blade 
plate constructs. Knee Surgery, Sport. Traumatol. Arthrosc. 23, 2202–2207. 
https://doi.org/10.1007/s00167-014-2998-1 
Briffa, N., Karthickeyan, R., Jacob, J., Khaleel, A., 2016. Comminuted supracondylar 
femoral fractures: a biomechanical analysis comparing the stability of medial versus 
lateral plating in axial loading. Strateg. Trauma Limb Reconstr. 
https://doi.org/10.1007/s11751-016-0268-0 
Ciarelli, M.J., Goldstein, S.A., Kuhn, J.L., Cody, D.D., Brown, M.B., 1991. Evaluation of 
orthogonal mechanical properties and density of human trabecular bone from the 
major metaphyseal regions with materials testing and computed tomography. J. 
Orthop. Res. 9, 674–682. https://doi.org/10.1002/jor.1100090507 
Crookshank, M., Coquim, J., Olsen, M., Schemitsch, E.H., Bougherara, H., Zdero, R., 
2012. Biomechanical measurements of axial crush injury to the distal condyles of 
human and synthetic femurs. Proc. Inst. Mech. Eng. Part H J. Eng. Med. 226, 320–
329. https://doi.org/10.1177/0954411912438038 
Ebraheim, N., Heiney, J.P., Schoenfeld, A.J., O’Connor, J.A., Vrabec, G., Battula, S., 
2012. Distal femoral fixation: A biomechanical comparison of retrograde nail, 
retrograde intramedullary nail, and prototype locking retrograde nail. Clin. Biomech. 
27, 692–696. https://doi.org/10.1016/j.clinbiomech.2012.01.007 
Ebrahimi, H., Rabinovich, M., Vuleta, V., Zalcman, D., Shah, S., Dubov, A., Roy, K., 
Sharaf, F., Schemitsch, E.H., Bougherara, H., Zdero, R., 2012. Biomechanical 
properties of an intact , injured , repaired , and healed femur : An experimental and 
computational study. J. Mech. Behav. Biomed. Mater. 16, 121–135. 
https://doi.org/10.1016/j.jmbbm.2012.09.005 
Elsoe, R., Ceccotti, A.A., Larsen, P., 2018. Population-based epidemiology and incidence 
of distal femur fractures. Int. Orthop. 42, 191–196. https://doi.org/10.1007/s00264-
017-3665-1 
Gardner, M.P., Chong, A.C.M., Gollock, A.G., Wooley, P.H., 2010. Mechanical 
Evaluation of Large-Size Fourth-Generation Composite Femur and Tibia Models 38, 
22 
 
613–620. https://doi.org/10.1007/s10439-009-9887-7 
Heiner, A.D., 2008. Structural properties of fourth-generation composite femurs and 
tibias. J. Biomech. 41, 3282–3284. https://doi.org/10.1016/j.jbiomech.2008.08.013 
Heiney, J.P., Barnett, M.D., Vrabec, G.A., Schoenfeld, A.J., Baji, A., Njus, G.O., 2009. 
Distal femoral fixation: A biomechanical comparison of trigen retrograde 
intramedullary (I.M.) nail, dynamic condylar screw (DCS), and locking compression 
plate (LCP) condylar plate. J. Trauma - Inj. Infect. Crit. Care. 
https://doi.org/10.1097/TA.0b013e31815edeb8 
Kellam, J.F., Meinberg, E.G., Agel, J., Karam, M.D., Roberts, C.S., 2018. AO/OTA 
Fracture and Dislocation Classification Compendium, Journal of Orthopaedic 
Trauma. https://doi.org/10.1097/BOT.0000000000001063 
Khan, A.M., Tang, Q.O., Spicer, D., 2017. The Epidemiology of Adult Distal Femoral 
Shaft Fractures in a Central London Major Trauma Centre Over Five Years. Open 
Orthop. J. 11, 1277–1291. https://doi.org/10.2174/1874325001711011277 
Martinet.pdf, n.d. 
Muizelaar, A., Winemaker, M.J., Quenneville, C.E., Wohl, G.R., 2015. Preliminary 
testing of a novel bilateral plating technique for treating periprosthetic fractures of 
the distal femur. Clin. Biomech. 30, 921–926. 
https://doi.org/10.1016/j.clinbiomech.2015.07.008 
Salas, C., Mercer, D., Decoster, T.A., Taha, M.M.R., 2011. Experimental and 
probabilistic analysis of distal femoral periprosthetic fracture : a comparison of 
locking plate and intramedullary nail fixation . Part B : probabilistic investigation. 
Comput. Methods Biomech. Biomed. Engin. 14, 175–182. 
https://doi.org/10.1080/10255842.2010.539207 
Wähnert, D., Hoffmeier, K., Fröber, R., Hofmann, G.O., Mückley, T., 2011a. Distal 
femur fractures of the elderly - Different treatment options in a biomechanical 
comparison. Injury. https://doi.org/10.1016/j.injury.2010.09.009 
Wähnert, D., Hoffmeier, K.L., Stolarczyk, Y., Fröber, R., Hofmann, G.O., Mückley, T., 
2011b. Evaluation of a customized artificial osteoporotic bone model of the distal 
femur. J. Biomater. Appl. https://doi.org/10.1177/0885328210367830 
Wahnert, D., Hoffmeier, K.L., von Oldenburg, G., Frober, R., Hofmann, G.O., Muckley, 
T., 2010. Internal fixation of type-C distal femoral fractures in osteoporotic bone. J. 
Bone Joint Surg. Am. https://doi.org/10.2106/JBJS.H.01722 
Wähnert, D., Hoffmeier, K.L., von Oldenburg, G., Fröber, R., Hofmann, G.O., Mückley, 
T., 2010. Internal Fixation of Type-C Distal Femoral Fractures in Osteoporotic 
Bone. J. Bone Jt. Surgery-American Vol. 92, 1442–1452. 
https://doi.org/10.2106/JBJS.H.01722 
23 
 
Yazar, F., Imre, N., Battal, B., Bilgic, S., Tayfun, C., 2012. Is there any relation between 
distal parameters of the femur and its height and width? Surg. Radiol. Anat. 34, 
125–132. https://doi.org/10.1007/s00276-011-0847-1 
Zdero, R., Olsen, M., 2016. Cortical Screw Purchase in Synthetic and Human Femurs 
131, 1–7. https://doi.org/10.1115/1.3194755 
Zdero, R., Shah, S., Mosli, M., Schemitsch, E.H., 2009. The effect of load application 
rate on the biomechanics of synthetic femurs 224, 599–605. 
https://doi.org/10.1243/09544119JEIM742 
 
  
24 
 
Appendix A: Published biomechanical studies of distal femur fracture fixation with 
details of cadaveric and synthetic material models used.  
Title 
Synthetic/ 
Cadaver 
Specimen 
Preparation 
# of 
model
s 
 
Material 
Grades/Sizes 
Goal of Study 
Cadaver 
Ages/ 
Genders 
Biomechanic
al evaluation 
of 
periprosthetic 
refractures 
following 
distal femur 
locking plate 
fixation 
Synthetic Synthetic 
osteoporotic 
adult femurs 
cut 6 cm 
proximal to 
the distal 
femur 
21 Model 3403-
106. 
Cancellous 
core with 
density of 
0.16 g/cc was 
used rather 
than the 
standard 
density of 
0.27 g/cc 
The primary 
objective of this 
study is to compare 
biomechanical 
failure properties of 
three proximal plate 
fixation techniques 
(bicortical locking 
versus unicortical 
locking versus 
cerclage cable 
configuration) in a 
periprosthetic distal 
femur fracture in an 
osteoporotic bone 
model 
Elderly 
patients 
Source: Alexander, J., Morris, R. P., Kaimrajh, D., Milne, E., Latta, L., Flink, A., & Lindsey, R. W. 
(2015)  
Preliminary 
testing of a 
novel 
bilateral 
plating 
technique for 
treating 
periprosthetic 
fractures of 
the distal 
femur 
Synthetic Proximal end 
of femur cut 
off 40 mm 
distal to the 
lesser 
trochanter 
and potted in 
a section of 
aluminum 
tubing using 
dental cement 
6 Model #3403 
Sawbones 
The purpose of this 
study was to 
evaluate this novel 
bilateral plating 
technique to 
determine if it 
improves 
stabilization of a 
distal femoral 
periprosthetic 
fracture relative to a 
common existing 
technique. 
Not 
listed 
Source: Muizelaar, A., Winemaker, M. J., Quenneville, C. E., & Wohl, G. R. (2015) 
 
Comminuted 
supracondyla
r femoral 
fractures: 
biomechanica
l analysis 
comparing 
stability of 
medial vs 
lateral plating 
Synthetic 1-cm 
supracondylar 
gap 
osteotomy in 
the eight 
synthetic 
femurs 4 cm 
proximal and 
parallel to the 
epicondylar 
axis 
8 Solid foam 
sawbone 
model not 
listed 
The aim of this 
study was to 
compare the 
biomechanical 
properties of medial 
and lateral plating 
of a medially 
comminuted 
supracondylar 
femoral fracture. 
Not 
listed 
Source: Briffa, N., Karthickeyan, R., Jacob, J., & Khaleel, A. (2016) 
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Title 
Synthetic/ 
Cadaver 
Specimen 
Preparation 
# of 
model
s 
 
Material 
Grades/Sizes 
Goal of Study 
Cadaver 
Ages/ 
Genders 
Varization 
open-wedge 
osteotomy of 
the distal 
femur: 
comparison 
between 
locking plate 
and angle 
blade plate 
constructs 
Synthetic Open-wedge 
osteotomy, 
with a lateral 
basis of 15 
mm that was 
located 5 cm 
above the 
knee joint 
48 Composite 
sawbone 
model not 
listed 
In this study, 
biomechanical tests 
were performed 
comparing locking 
plates to blade 
plates in opening-
wedge distal femur 
osteotomy with and 
without medial 
cortex fracture. 
Young 
patients 
Source: Batista, B. B., Volpon, J. B., Shimano, A. C., & Kfuri, M. (2014) 
 
The 
biomechanics 
of three 
different 
fracture 
fixation 
implants for 
distal femur 
repair in the 
presence of a 
tumor-like 
defect 
Synthetic Artificial 
femurs had 
spherical 
tumor-like 
defects 
created just 
above the 
lateral 
condyle to 
simulate 
metastatic 
bone disease, 
which were 
then filled 
with medical 
bone cement 
15 Medium 
Model #3303 
Sawbones 
This study assessed 
the biomechanics of 
three fracture 
fixation implants 
for prophylactic 
stabilization of a 
simulated 
metastatic lesion in 
the distal 
metaphyseal region 
of the femur. 
Not 
listed 
Source: Ahmadi, S., Shah, S., Wunder, J. S., Schemitsch, E. H., Ferguson, P. C., & Zdero, R. (2012) 
 
26 
 
Title 
Synthetic/ 
Cadaver 
Specimen 
Preparation 
# of 
model
s 
 
Material 
Grades/Sizes 
Goal of Study 
Cadaver 
Ages/ 
Genders 
Distal 
femoral 
fixation: A 
biomechanica
l comparison 
of retrograde 
nail, 
retrograde 
intramedullar
y nail, and 
prototype 
locking 
retrograde 
nail 
Synthetic Femurs cut at 
the mid-shaft, 
and a 33 cm 
long distal 
fragment was 
retained. A 
customized 
jig was used 
to create a 
standardized 
medial 
segmental 
shaft defect in 
the 
supracondylar 
region of the 
distal femur. 
12 Fourth 
generation 
composite 
sawbone 
model not 
listed 
The goal of this 
study was to 
examine the 
stiffness and 
displacement of two 
traditional 
retrograde 
intramedullary nails 
(Russell–Taylor 
and Trigen), to a 
novel, prototype, 
threaded screw 
hole, “locking” 
Trigen 
intramedullary nail. 
Young 
patients 
Source: Heiney, J. P., Battula, S., O’Connor, J. A., Ebraheim, N., Schoenfeld, A. J., & Vrabec, G. (2012) 
 
Experimental 
and 
probabilistic 
analysis of 
distal femoral 
periprosthetic 
fracture: a 
comparison 
of locking 
plate and 
intramedullar
y nail 
fixation. Part 
A: 
experimental 
investigation 
Synthetic Two parallel 
transverse 
osteotomies 
were created 
at 80 and 90 
mm proximal 
to the 
articular 
surface of the 
medial 
femoral 
condyle. A 1-
mm 
transverse 
osteotomy 
was 
performed 85 
mm proximal 
to the 
articular 
surface of the 
lateral 
femoral 
condyle 
11 Medium 
composite 
sawbone 
model not 
listed. 
Cancellous 
core with 
density of 
0.16 g/cc was 
used rather 
than the 
standard 
density of 
0.27 g/cc 
Part A evaluates 
biomechanically 
intramedullary (IM) 
nails vs. locking 
plates for fixation 
of femoral fractures 
in osteoporotic 
bone 
Elderly 
patients 
Cadaver 2 Not reported Age not 
reported/ 
Female 
Source: Salas, C., Mercer, D., DeCoster, T. A., & Reda Taha, M. M. (2011) 
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Title 
Synthetic/ 
Cadaver 
Specimen 
Preparation 
# of 
model
s 
 
Material 
Grades/Sizes 
Goal of Study 
Cadaver 
Ages/ 
Genders 
Internal 
Fixation of 
Type-C 
Distal 
Femoral 
Fractures in 
Osteoporotic 
Bone 
Synthetic The 
AO/ASIF 
type 33-C2 
fracture 
pattern was 
produced 
with use of a 
transverse 
osteotomy, 
which created 
a 1.5-cm 
fracture gap 
at a point 6.5 
cm proximal 
to the joint 
line, and a 
sagittal 
intercondylar 
osteotomy 
40 Third-
generation 
composite 
Sawbone 
model not 
listed. 
Replaced 
distal, 
condylar 
portion with 
anatomic 
polyurethane 
foam 
condyles with 
a mean foam 
density of 
150 ± 5 
kg/m^3 
This study was 
performed to 
investigate the 
biomechanical 
stability of four 
different fixation 
devices for the 
treatment of 
comminuted distal 
femoral fractures in 
osteoporotic bone 
Elderly 
patients 
Cadaver 8 Mildly 
osteoporotic 
based on 
DXA scores 
Mean 
age of 
the 
donors 
(four 
male and 
four 
female) 
at the 
time of 
death 
was 74 ± 
9 years. 
Source: Wähnert, D., Hoffmeier, K. L., von Oldenburg, G., Fröber, R., Hofmann, G. O., & Mückley, T. 
(2010) 
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Title 
Synthetic/ 
Cadaver 
Specimen 
Preparation 
# of 
model
s 
 
Material 
Grades/Sizes 
Goal of Study 
Cadaver 
Ages/ 
Genders 
Distal 
Femoral 
Fixation: A 
Biomechanic
al 
Comparison 
of Trigen 
Retrograde 
Intramedullar
y (I.M.) Nail, 
Dynamic 
Condylar 
Screw 
(DCS), and 
Locking 
Compression 
Plate (LCP) 
Condylar 
Plate 
Synthetic Femurs cut 
at the mid-
shaft, and 
the 33-cm 
long distal 
fragment 
was 
retained. A 
jig was used 
to create a 
standardized 
medial 
segmental 
shaft defect 
in the 
supracondyl
ar region of 
the distal 
femur. 
18 Second-
generation 
composite 
Sawbone 
model not 
listed 
The purpose of this 
study was to 
establish if there are 
biomechanical 
differences between 
implants in stiffness 
of construct, 
microdisplacement, 
and fatigue failure 
in a supracondylar 
femoral fracture 
model. 
Young 
patients 
Source: Heiney, J. P., Barnett, M. D., Vrabec, G. A., Schoenfeld, A. J., Baji, A., & Njus, G. O. (2009) 
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Appendix B: Detailed patient information for all included CT scans. 
Case 
Number 
Number 
of 
Fragments 
Gender Age BMI Smoker 
Documented 
Osteoporosis 
or 
Osteopenia 
Open or 
Closed 
CT01 10 F 65 19.8 No No Closed 
CT02 26 M 45 22.0 Yes No Open 
CT03 3 F 86 20.8 No No Closed 
CT04 5 F 88 20.3 No No Closed 
CT05 5 F 72 29.0 No No Closed 
CT06 11 F 45 45.8 Past No Open 
CT07 17 F 69 41.6 No No Closed 
CT08 2 F 71 26.7 No No Closed 
CT09 12 F 62 22.1 No No Open 
CT10 2 F 73 25.7 No No Closed 
CT11 14 F 72 33.8 No Yes Closed 
CT12 5 M 57 18.3 Yes No Closed 
CT13 11 M 81 25.3 No Yes Closed 
CT14 2 F 94 26.5 No Yes Closed 
CT15 2 F 42 22.3 Yes Yes Closed 
CT16 2 F 80 31.2 No No Closed 
CT17 3 F 95 16.6 No Yes Closed 
CT18 3 M 76 27.7 No No Closed 
CT19 2 F 73 24.3 Past Yes Closed 
CT20 19 M 47 - - - - 
CT21 2 M 75 34.4 No No Closed 
CT22 12 M 57 37.3 No No Open 
CT23 2 F 71 27.4 No Yes Closed 
CT24 8 F 78 19.1 Past Yes Closed 
30 
 
CT25 12 F 82 - Yes No Closed 
CT26 10 F 81 27.3 Past No Closed 
CT27 12 F 94 - No No Closed 
CT28 11 F 94 25.7 No No Closed 
CT29 9 F 91 24.5 No No Closed 
CT30 18 F 27 24.6 Yes No Open 
CT31 11 M 56 35.6 Yes No Open 
CT32 7 F 49 41.2 Yes No Closed 
CT33 6 F 59 49.7 No Yes Closed 
CT34 2 F 84 - No No Closed 
CT35 5 M 22 34.9 Yes No Open 
CT36 6 F 60 41.1 No No Closed 
CT37 7 F 67 15.3 No No Closed 
CT38 6 M 38 32.7 Yes No Closed 
CT39 12 F 73 24.2 Yes No Closed 
CT40 5 F 91 25.3 No Yes Closed 
CT41 8 F 72 39.5 Past No Closed 
CT42 11 M 42 16.0 No No Closed 
CT43 11 F 75 43.0 Past No Closed 
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Appendix C: 3D model reconstructions and summary bone quality data 
   
Case Number: CT01 
Age: 65 
Gender: Female 
Median Young’s Modulus: 135 MPa 
Case Number: CT02 
Age: 45 
Gender: Male 
Median Young’s Modulus: 339 MPa 
Case Number: CT03 
Age: 86 
Gender: Female 
Median Young’s Modulus: 116 MPa 
 
   
Case Number: CT04 
Age: 88 
Gender: Female 
Median Young’s Modulus: 140 MPa 
Case Number: CT05 
Age: 72 
Gender: Female 
Median Young’s Modulus: 154 MPa 
Case Number: CT06 
Age: 45 
Gender: Female 
Median Young’s Modulus: 364 MPa 
 
   
Case Number: CT07 
Age: 69 
Gender: Female 
Median Young’s Modulus: 183 MPa 
Case Number: CT08 
Age: 71 
Gender: Female 
Median Young’s Modulus: 209 MPa 
Case Number: CT09 
Age: 62 
Gender: Female 
Median Young’s Modulus: 170 MPa 
 
 
  
Case Number: CT10 
Age: 73 
Gender: Female 
Median Young’s Modulus: 200 MPa 
Case Number: CT11 
Age: 72 
Gender: Female 
Median Young’s Modulus: 114 MPa 
Case Number: CT12 
Age: 57 
Gender: Male 
Median Young’s Modulus: 175 MPa 
 
 
 
 
Case Number: CT13 
Age: 81 
Gender: Male 
Median Young’s Modulus: 109 MPa 
Case Number: CT14 
Age: 94 
Gender: Female 
Median Young’s Modulus: 49 MPa 
Case Number: CT15 
Age: 42 
Gender: Female 
Median Young’s Modulus: 161 MPa 
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Case Number: CT16 
Age: 80 
Gender: Female 
Median Young’s Modulus: 109 MPa 
Case Number: CT17 
Age: 95 
Gender: Female 
Median Young’s Modulus: 75 MPa 
Case Number: CT18 
Age: 76 
Gender: Male 
Median Young’s Modulus: 272 MPa 
 
  
 
Case Number: CT19 
Age: 73 
Gender: Female 
Median Young’s Modulus: 45 MPa 
Case Number: CT20 
Age: 47 
Gender: Male 
Median Young’s Modulus: 287 MPa 
Case Number: CT21 
Age: 75 
Gender: Male 
Median Young’s Modulus: 293 MPa 
 
   
Case Number: CT22 
Age: 57 
Gender: Male 
Median Young’s Modulus: 255 MPa 
Case Number: CT23 
Age: 71 
Gender: Female 
Median Young’s Modulus: 15 MPa 
Case Number: CT24 
Age: 78 
Gender: Female 
Median Young’s Modulus: 177 MPa 
 
   
Case Number: CT25 
Age: 82 
Gender: Female 
Median Young’s Modulus: 147 MPa 
Case Number: CT26 
Age: 81 
Gender: Female 
Median Young’s Modulus: 138 MPa 
Case Number: CT27 
Age: 94 
Gender: Female 
Median Young’s Modulus: 98 MPa 
 
   
Case Number: CT28 
Age: 94 
Gender: Female 
Median Young’s Modulus: 91 MPa 
Case Number: CT29 
Age: 91 
Gender: Female 
Median Young’s Modulus: 101 MPa 
Case Number: CT30 
Age: 27 
Gender: Female 
Median Young’s Modulus: 337 MPa 
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Case Number: CT31 
Age: 56 
Gender: Male 
Median Young’s Modulus: 254 MPa 
Case Number: CT32 
Age: 49 
Gender: Female 
Median Young’s Modulus: 188 MPa 
Case Number: CT33 
Age: 59 
Gender: Female 
Median Young’s Modulus: 149 MPa 
 
 
  
Case Number: CT34 
Age: 84 
Gender: Female 
Median Young’s Modulus: 229 MPa 
Case Number: CT35 
Age: 22 
Gender: Male 
Median Young’s Modulus: 349 MPa 
Case Number: CT36 
Age: 60 
Gender: Female 
Median Young’s Modulus: 112 MPa 
 
   
Case Number: CT37 
Age: 67 
Gender: Female 
Median Young’s Modulus: 191 MPa 
Case Number: CT38 
Age: 38 
Gender: Male 
Median Young’s Modulus: 355 MPa 
Case Number: CT39 
Age: 73 
Gender: Female 
Median Young’s Modulus: 195 MPa 
 
   
Case Number: CT40 
Age: 91 
Gender: Female 
Median Young’s Modulus: 191 MPa 
Case Number: CT41 
Age: 72 
Gender: Female 
Median Young’s Modulus: 61 MPa 
Case Number: CT42 
Age: 42 
Gender: Male 
Median Young’s Modulus: 341 MPa 
 
 
Case Number: CT43 
Age: 75 
Gender: Female 
Median Young’s Modulus: 142 MPa 
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